It has been reported that superplastic Zn-22 mass%Al alloy has some excellent properties needed for seismic damping devices. In addition, seismic damping devices using this alloy has already been put into practical use for a high-rise building. In the present investigation, we tried to apply this alloy to seismic damping devices for a general residence and examined the formability and the characteristics after the formation. No cracks were observed in the sample formed even at room temperature. The surface roughness, R a , was improved from 0.602 mm before the formation to 0.418 mm after the formation. As the results of FVM analysis, it was predicted that the formed sample could exhibit the higher stress and strain at both sides of the inferior part of the gauge section. However, the average grain size, the ratio of the major axis length to minor axis one in a grain, and the hardness in the region exhibiting high stress and strain were almost the same characteristics as those in the initial sample.
Introduction
Earthquakes can cause considerable damage to human structures. In 1995, many buildings were leveled by the Hyougoken Nanbu earthquake in Japan. Therefore, isolators and seismic damping devices, intended to reduce the vibration of buildings due to earthquakes and thus avoid damage, have attracted much attention. 1, 2) Seismic damping devices can absorb earthquake energy by means of their plastic deformation prior to that of the main frame. In general, a low-yield-point steel, rubber, and Pb are used as damping materials. However, these materials involve certain problems in this application. Low-yield-point steel has to be inspected and exchanged after each earthquake, since it deteriorates due to work-hardening. Pb is an environmentally harmful metal and rubber has no temperature stability. Thus, superplastic materials have been given great attention since they exhibit low-deformation stress, no work-hardening, and high ductility. These characteristics make superplastic materials suitable for application as damping materials. Although superplasticity generally occurs only under a low strain rate and a temperature of 0.5 T m , where T m is the melting point of a material, it is well known that a reduction in grain size leads to an increase in the superplastic strain rate and/or a decrease in superplastic temperature. [3] [4] [5] [6] Especially, the melting point of superplastic Zn-22 mass%Al alloy is comparatively low (693 K), and it has been reported that superplasticity was expressed even at room temperature. [7] [8] [9] [10] [11] Recently, it was also demonstrated that superplastic Zn-22 mass%Al alloy could possibly be applied to seismic damping devices, showing higher performance in comparison with that using a low-yield-point steel. 12, 13) The seismic damping device formed by machining Zn-22 mass%Al alloy has already been put into actual use in a high-rise building. 12, 13) In addition, an attempt to apply a near-netshape forming technique as a new forming process has also been carried out in order to achieve mass-production and to reduce the device's manufacturing costs. 14) In that report, the mechanical properties were observed to deteriorate slightly due to grain growth during the superplastic formation, in which the forming temperature was 473 K. However, the mechanical properties needed for actual use as a damping device were maintained. Therefore, the application of this technology to a seismic damping device intended for use in a general residence is of critical interest. In the present investigation, then, a simulation of the formation of superplastic Zn-Al alloy for use in a damping device was carried out by the finite volume method (FVM), and subsequently the mechanical properties and microstructural features after the material's actual formation at room temperature were examined.
Experimental Procedure
The material used in the present study was Zn-22 mass%Al alloy produced by Kobe Steel Ltd. At first, large ingots were prepared using an electric furnace in air and machined to the rods of 150 mm diameter. In the present study, the samples were extruded from 150 mm diameter to 36 mm diameter and then rolled to 20 mm diameter. TMCP technology was utilized during this process. The details of TMCP technology are presented in the previous paper. 15) We had an assumption that the seismic damping device for a general residence was applied as illustrated in Fig. 1 , and decided to divide the forming process to the terminal figuration of the damping device into two sections. , respectively. The detail investigation about an architectonics of the seismic damping device for a general residence will be reported in a future paper.
The microstructures of the samples were examined using a JEOL JSM-5100A scanning electron microscopy operating at 15 kV. The typical micrograph of the as-rolled alloy is shown in Fig. 3 , where (a) and (b) show the microstructures in the cross-section perpendicular and parallel to the rolling direction. The bright and dark phases correspond to the Znrich and Al-rich phases, respectively. The grain size d was estimated using the equation d ¼ 1:74 L: L is the linear intercept length. The average grain sizes in Figs. 3(a) and (b) were 1.16 and 1.24 mm, respectively. In addition, the ratios of the major axis length, d major , to minor axis one, d minor , in a grain were 0.99 and 1.09, respectively. The grain is essentially equiaxed if the ratio d major =d minor is unity. It was obvious that the grain size was refined and the grain configurations were reasonably equiaxed in this alloy.
At first, the finite volume method (FVM) simulation for the forming has been carried out using the simulation code of MSC. SuperForge2000 in order to predict the formability. The equation used in this study is shown below.
where is the true flow stress, s is the minimum yield stress, c is the plastic coefficient, _ " " " " is the true strain rate, M is the strain rate sensitivity. In the present analysis, the simulations of the forming at 303 K and 373 K were carried out. The parameter values used in each simulation are shown in Table 1 . These values were estimated from the experimental data. The present simulation was also carried out using the forming rate 1 mm/s and at a constant forging temperature of 303 K. The simulation has been continued until the superplatic forming was completed.
The actual forming was conducted at room temperature using CNC crank press (CM1-200), produced by Chin Fong Machine Industrial Co., LTD. The press speed decreases with approaching the bottom dead centre due to a crank pressing machine. In the present investigation, the maximum press speed during the forming was calculated about 70 mm/s. Fig. 1 Illustration of the seismic damping device for a general residence. Fig. 2 Dimensions of the samples after Process 1 and 2. Figure 4 shows the magnitude of the material's effective strain and stress after its formation at (a) 303 K and (b) 373 K. Figure 4 shows that the sample formed at 373 K exhibited lower stress than that formed at 303 K, and exhibited high strain with a large distribution. This indicates that formation at high temperature may deform not only the gauge section but also the grip of the specimen due to the low deformation stress. Also, it was verified that the stress and strain were concentrated at both sides of the inferior part of the gauge section. It is expected from this result that the deterioration of mechanical properties such as undesired premature failure may occur at these areas. Therefore, it is important to examine the material's microstructures and mechanical properties after formation.
Results and Discussion

FVM simulation
Characteristics after the forming
A macroview of the specimens formed by Processes 1 and 2, in comparison with the undeformed specimen, is shown in Fig. 5 . No cracks were observed in the formed specimens, and it was possible to form this alloy even at room temperature and at a formation speed of about 70 mm/s. Surface roughness measured by means of a color laser 3D profile microscope using a light screen mode is shown in Table 2 . From this table, the surface roughness, R a , of the initial sample was 0.602 mm. It was verified that the value of the surface roughness considerably decreased to 0.346 mm after Process 1, and subsequently increased slightly to about 0.418 mm during the bending (Process 2). However, it was found that the surface state of the formed sample was improved in comparison with the initial one. It is considered from this result that the surface roughness created during formation strongly depends on the surface state of the die due to the high level of the Zn-22 mass%Al alloy's transferability. The surface state of the sample has a great effect on its fracture characteristics when the material is exposed to repeated bending deformation as a seismic damping device. Therefore, it is important to control the surface state of the formed sample. In the preceding section, the stress and strain was observed to be concentrated at the both sides of the inferior part of the gauge section. Therefore, microstructures at various points (a)-(j) in the sample formed at room temperature, which were indicated in Fig. 5 , were observed. Figure 6 shows typical scanning electron micrographs at six separate points, and Table 3 summarizes the average grain sizes and the ratio d major =d minor at all separate points in shown in Fig. 5 . As seen in Table 3 , the average grain size and ratios d major =d minor in the formed region exhibited almost the same as those in the initial sample. In addition, Fig. 5 shows no remarkable differences from location to location in the formed parts, and that the grains are reasonably equiaxed and homogeneously distributed.
It was difficult to obtain tensile specimens from the formed sample. In the present investigation, therefore, the hardness at each separate point was measured using a micro-Vickers hardness tester, where the loading and the holding time were 50 g and 20 seconds, respectively. This data is also included in Table 3 . Table 3 shows that the hardness in the formed region was also approximately equal to that in the as-received alloy; i.e., remarkable deterioration was not observed after forging, because the forged sample retained an equiaxed and homogeneous microstructure during forging, as mentioned above. In a previous report, 16) tensile testing was performed on the sample forged at 373 K, where the dimension of the forged sample was one-fifth the geometry of the damping device applied to a high-rise building. It has been reported that the formed sample retained its earlier mechanical properties, such as those regarding flow stress and elongation, from before its formation because its microstructure beforeand-after formation was almost identical. It was found from the present investigation that the characteristics in the sample formed at room temperature did not deteriorate and a nearnet-shape forming technique can be applied as a beneficial step in the forming process.
Summary
The investigations about the formability and characteristics in the formed sample at room temperature were carried out for the purpose of applying seismic damping devices using Zn-22 mass%Al alloy to a general residence. The following results were obtained.
(1) According to FVM simulation of the formation, the stress and strain were concentrated at both sides of the inferior part of the gauge section. In addition, the formation at high temperature could lead to the deformation of the grip areas due to the low deformation stress. (2) The values of the surface roughness measured in three samples; i.e., before the formation, after Process 1, and after Process 2, were 0.602, 0.346, and 0.418 mm, respectively. It was possible to form seismic damping devices with smooth surface in comparison with the asreceived sample. (3) The average grain size, the ratio d major =d minor and the hardness in the formed region were almost the 
